The development of integrated fiber optic sensors for smart propulsion systems demands that the sensors be able to perform in extreme environments. In order to use fiber optic sensors effectively in an extreme environment one must have a thorough understanding of the sensor's limits and how it responds under various environmental conditions. The sensor evaluation currently involves examining the performance of fiber Bragg gratings at elevated temperatures.
INTRODUCTION
With the work of Hill et al on the photosensitivity of optical waveguides in 1978 allowing the creations of filters in optical waveguides, a whole new world of fiber optic devices has been opened up 1 . From high density optical data transmission to optical fibers themselves acting as sensors, the possibilities are far-reaching. With the ability of the optical fiber to act as a sensor, a whole new range of remote sensing possibilities was created. With these new possibilities comes the need to thoroughly understand the devices themselves. In the case of the FBG one must have a full understanding of the reaction of the sensor to different physical forces and the effects they will have on the sensors output. Without a thorough understanding of the how the sensor reacts under a range of conditions one cannot use the full capabilities of the sensor. We are currently working to more thoroughly understand the response of FBGs subjected to thermal forces. We are working on not only understanding the wavelength response of the FBG but also the optical power and spectral change of the sensor.
The basic principle behind the operation of a FBG is relatively simple. A periodic modulation in the index of refraction, n, of an optical fiber's core along the length of the fiber acts as a filter reflecting a specific wavelength while passing others. By varying the spacing of the index variations, Λ , one can tune the fiber optic filter to reflect a certain wavelength. The wavelength reflected is called the Bragg wavelength, B λ , and is given by Bragg wavelength of the grating is dependent on the spacing of the index variations, the Bragg wavelength can be altered by physical forces which alter the spacing of the gratings. These forces most often take the form of a strain placed along the axis of the fiber or thermal forces expanding the length of the FBG. The shift in the Bragg wavelength, in terms of both a change in the FBG's length, l ∆ , and its temperature, T ∆ , can be represented as 2 :
The temperature and strain induced Bragg wavelength shifts can separated out and be represented individually as:
Strain:
where e p is an effective strain-optic constant, z ε is the induced strain along the axis of the grating, α is the thermal expansion of the fiber, and ζ is the thermo-optic coefficient. The temperature dependence for a silica fiber has been found to typically be 1.0-1.19nm per 100˚C at 1300nm 2, 3, 4 .
Preliminary evaluation of FBGs consisted of evaluation of gratings embedded in polymer matrix composite panels 5, 6 . This work looked at the feasibility of using embedded FBGs as strain sensors for aerospace integrated vehicle health management. The study was particularly interested in the use of FBGs at elevated temperature up to 300˚C. In the preliminary evaluation of the FBG sensors, the temperature dependence of the Bragg wavelength shift proved to be very repeatable. The reflected power level from the grating did show the same consistency. The reflected power levels in these preliminary evaluations seemed to indicate a degradation of the reflectivity of the grating on each successive thermal cycle. The reflected power levels also seemed to be somewhat erratic within each thermal cycle. This loss of signal from cycle to cycle seemed to indicate a permanent degradation of the grating structure. Some of the variations seen in the FBGs in this preliminary work could have been due to the FBGs in the PMC panels only being annealed to 300˚C. Since this initial work proved promising this led to this follow-on work with specific emphasis placed on the accuracy of the data being taken along with looking more closely at the degradation and thermal stability of FBGs. Figure 1 shows the test setup used in the re-annealing and thermal cycling of the FBG sensors. The test setup consists of a fiber coupled 1300nm light emitting diode light source, SLED, connected to a 2 x 2 coupler, coupler 1. One output of coupler 1 is connected to a photodetector PD1 to monitor the SLED output power. The other branch of the coupler is connected to the FBG under evaluation. For thermal cycling the FBG is placed in an oven capable of reaching 300˚C while for re-annealing the FBG is placed in a furnace capable of reaching over 400˚C. The reflected light from the Bragg grating goes back through coupler 1 to coupler 2, another 2 x 2 coupler. The outputs of coupler 2 are connected to another photodetector, PD2, and an optical spectrum analyzer, OSA. The optical spectrum analyzer is used to measure the Bragg wavelength of the grating along with its reflected power. Photodetector PD2 is also used to measure the reflected power from the FBG. The output signals from both PD1 and PD2 are monitored using bench-top DMMs. The oven temperature is monitored with a k-type thermocouple positioned adjacent to the FBG. All test equipment being used is outfitted with computer interfaces allowing LabVIEW to be used to control equipment and record data. With LabVIEW data can be recorded consistently and accurately for extended periods of time.
TEST SETUP AND PROCEDURE
Special attention was paid to calibration and characterization of equipment being used throughout the evaluation of the FBG sensors. All associated equipment used in the evaluation of the FBGs was carefully tested to verify that the data being recorded were phenomena of the gratings themselves and not the equipment being used. The SLED used was tested for long and short term stability. The stability of the photodetectors was also verified. All other associated test equipment being used was calibrated to NIST traceable standards. In addition, all equipment was allowed to warm up at least 90 minutes before all testing to minimize the drift of the equipment. All data recording was done using LabVIEW to ensure accurate, consistent data recording. The output of the SLED light source was monitored during all testing to allow for correction of the output of the grating due to variations seen in the light source.
Re-annealing of Fiber Bragg Gratings
In order to assure the most thermally stable gratings at operating temperatures up to 300ºC, all of the gratings that were evaluated were first re-annealed to 400ºC before thermal cycling 7, 8, 9, 10 . Because of the temperature range of the reannealing and thermal cycling evaluation, polyimide coated FBGs were used throughout. All FBGs evaluated were identical models specified as having a 1300nm center wavelength with a 0.3nm bandwidth. All FBGs were specified as having been annealed to 300ºC by the manufacturer.
The re-annealing process of the FBGs began by ramping them up to 400ºC at a rate of 2ºC per minute. The ramp rate was chosen to allow for a relatively short ramp up period while not thermally shocking the FBGs. Once at 400ºC, the FBGs were held there for a period of 12 hours. After 12 hours at 400ºC the FBGs were allowed to cool inside the furnace back to room temperature through convective cooling. The performance of the FBG was monitored throughout the re-annealing process to determine the stability of the grating with data being recorded once a minute. After the first re-annealing cycle, the stability of the gratings reflected output was evaluated. If the output did not stabilize after the first 12 hours of re-annealing, the FBG was put through the same re-annealing process again. All FBGs that were reannealed that did not stabilize in 12 hours appeared to stabilize after a total of 24 hours at 400ºC. Throughout the entire re-annealing process and all other testing performed the Bragg wavelength from all the FBGs was very consistent. The power output of the light source used to monitor the performance of the FBG also remained very stable throughout the re-annealing of the FBGs with variations of less than 0.3%. This was after the SLED source was allowed at least 90 minutes to warm-up. A typical reflected wavelength vs. temperature plot from a re-annealing cycle can be seen in Figure  2 . This plot clearly shows the thermal hysteresis in the system as the gratings are heated and cooled. The upper line on the plot is the Bragg wavelength of the FBG as the furnace is heated while the lower line is the Bragg wavelength as the furnace cools. The lines do not overlap since the temperature of the FBG lags as the oven heats and cools.
Since the Bragg wavelength of the FBG seemed to behave consistently through the temperature range of interest, the main criteria used to determine if the FBG's output had stabilized was its total reflected power. The total power reflected from each FBG varied greatly during the re-annealing process. In some FBGs the power dropped quickly at the beginning then slowly rose to a point where it stabilized while other FBG did the exact opposite. Others simply dropped or rose to a point where they appeared to stabilize. The only commonality between the FBGs was that the reflected power reached a point where it appeared to stabilize. Two different behaviors of FBGs can be seen in Figure 3 and Figure 4 . The data shown in these plots is the average over a five minute time span. While the gratings in Figure 3 took two 12 hour cycles for its reflected power to stabilize, the grating shown in Figure 4 took only one 12 hour re-annealing cycle to stabilize. Of the 8 FBGs studied during the course of this work, five required two 12 hour re-annealing cycles while three only required one re-annealing cycle. The two other parameters of the FBGs performance that were monitored during the re-annealing process were the peak power level of the Bragg wavelength and the 3dB spectral width of the reflected light. While both of these parameters showed some cyclic variation with temperature, neither appeared to be a good indicator of the overall thermal stability of the FBG.
Thermal Cycling
After the re-annealing of the FBGs to 400ºC, they were then cycled between 300ºC and ambient six times. The FBG was heated from room temperature to 300ºC at a rate of 1ºC per minute. The slow ramp rate allowed the gratings to heat up evenly and avoid any thermal shock. The slow ramp rate also allowed the FBG and the thermocouple to be at the same temperature. The FBG was then held at 300ºC for 3 hours. After 3 hours at 300ºC the FBG was allowed to cool at 1ºC per minute back to 35ºC. Due to limitations of the oven used for the thermal cycling, a cooling rate of 1ºC per minute could not be maintained for the entire cooling process. From about 78ºC to 35ºC the gratings cooled somewhat slower by means of convection only. Once the grating cooled to 35ºC the process was immediately repeated five more times for a total of six cycles at 300ºC for a total of 18 hours at 300ºC. Throughout the entire evaluation process, data was recorded on the performance of each FBG once a minute. The peak Bragg wavelength, along with the total and peak power reflected from the grating was recorded. The SLED source output was also monitored and the data recorded on the output of the FBG was corrected for any fluctuations in the SLED output. Fluctuations of no more than 0.3% were seen in the SLED source throughout the evaluation process. This was after a minimum of 90 minutes of warm-up.
Throughout the thermal cycling of the FBG the Bragg wavelength temperature response was very consistent and repeatable. The average of the standard deviations of the temperature to wavelength relationship ranged from 1.86ºC to 2.92ºC over the six thermal cycles each grating was subjected too. This is less than 1.0% error of full scale throughout the entire evaluation temperature range of ambient to 300ºC. There was no indication of change in the Bragg wavelength response in any of the gratings that were put through the over 80 hours of thermal cycling. A typical example of the observed Bragg wavelength temperature response is shown in Figure 5 . This particular FBG has a Bragg wavelength temperature shift of 1.06nm per 100ºC. Throughout our evaluation of FBGs, the Bragg wavelength temperature dependence ranged from 1.06nm per 100ºC to 1.11nm per 100ºC for all of the FBGs evaluated. This compares favorably with published values of 1.0-1.19nm per 100ºC for FBGs at 1300nm 2, 3, 4 . The total power reflected from the FBG did not exhibit the same stability and consistency during thermal cycling as the FBGs Bragg wavelength. The total power varied from FBG to FBG considerably, some varying slightly through the thermal cycles while others remained fairly stable. An example of the total reflected power of two of the FBGs during thermal cycling can be seen in Figure 6 and Figure 7 . The data shown in these figures is averaged over a five minute time span. While the return signal strength from the FBG in Figure 6 varied considerably through the thermal cycling process, the output of the FBG in Figure 7 remained much more stable through the duration of the cycling. The third parameter of interest throughout the thermal cycle process was the power level of the Bragg wavelength. The Bragg wavelength power showed a much more cyclic pattern more similar to the Bragg wavelength temperature dependency than the total reflected power. Figure  8 shows a typical example of the power level at the Bragg wavelength throughout the thermal cycling process. While this figure shows the cyclic nature of the Bragg wavelength power level it also shows a slight drift in the power level through the thermal cycling process.
CONCLUSION
All of the FBGs evaluated have demonstrated a strong and repeatable dependency of their peak wavelength with temperature. The wavelength temperature dependency appears to be almost linear through many thermal cycles and across numerous samples with no sign of thermal hysteresis. In our opinion, the re-annealing of the FBGs to 400ºC was significant in this role.
With current analysis techniques using an indirect method to determine the Bragg wavelength of the FBG, one must carefully look at the technique being used and the impact a varying power level might have on the sensor's output. These indirect methods use a wavelength-to-intensity conversion with a photodetector to monitor the intensity change from a shift in the Bragg wavelength. Thus, with an analysis technique dependent on the reflected power's intensity level, the error in the readings one gets may have an unexpected error associated with it. Techniques such as using a matched reference grating or an interferometer to measure the shift in Bragg wavelength would both be very sensitive to variations in a power level shift of the reflected signal.
Effects of the variation in reflected power from the FBG may be minimized by introducing a power referencing scheme. Figure 9 shows an example schematic to compensate for a power level shift of the FBG signal. An additional photodetector PD3 would be used to monitor the power level transmitted through the FBG and would be used to compensate the systems for a change in the reflectivity of the FBG.
In order to more fully evaluate the performance of FBGs at elevated temperatures, the thermal stability of such signal parameters as optical bandwidth and background noise should be looked at. The next step would be to attach an FBG to a surface or to imbed gratings in various materials or structures and perform similar tests. A comparison of the results with analytical predictions would give a more complete picture of the thermal behavior of fiber optic Bragg gratings. 
